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INTRODUCTION 
Solid rocket motors (SRMs) are complex, highly stressed intew.ated structures which 
consist of layers of often quite similar materials housed within a rigtd outer case. SRM reli-
ability is directly dependent upon the integrity of the bonds between these layered materi-
als. Therefore, to minimize defects, it is important to monitor SRM bondlines during the 
fabrication process and correct imperfections. 
An important part of an SRM is the liner, which is used to bond the propellant to the 
insulator that covers the inner surface of the case. Liner failure is a principal cause of 
SRM failure. In order to minimize this possibility, the liner must be uniformly deposited at 
the specified thickness and properly cured. 
The design of an NDE instrument to monitor SRM liner cure and thickness presents 
a difficult challenge. The measurements must be sensitive to both the amount and the 
chemical state of the liner material. They must be made quickly, without contacting the 
surface, and in some cases, must be made in the presence of SRM motion. 
Nuclear magnetic resonance (NMR), an analytical technique commonly used in 
chemistry, is sensitive both to layer thickness and to the details of molecular motion [1]. As 
a result, NMR is an attractive NDE tool for monitoring SRM liner uniformity and state-of-
cure. 
TECHNICAL BACKGROUND 
Solid Rocket Motors 
In its simplest form, a solid rocket motor consists of a rigid outer case which contains 
an insulating layer, an' adhesive liner, and a propellant. The inner surface of the case is 
covered with a layer of insulation which, in turn, is typically covered with a thin layer of 
primer and, sometimes, a barrier coat to prevent chemical migration. The liner covers the 
primer/barrier and bonds the insulator to the propellant. The generic structure of an SRM 
is shown in Figure 1. 
The outer case of an SRM is fabricated from either steel or filament-wrapped com-
posite. The Space Shuttle and Titan IV SRMs are typical of large SRMs. A steel outer 
case is used in the Space Shuttle, while a composite case is used in the Titan IV. Since the 
magnetic properties of filament-wrapped composite and steel are very different, the mag-
net and detection coil geometries must accommodate these differences. 
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Figure 1. Generic SRM Structure. 
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Nuclear Magnetic Resonance 
Nuclear magnetic resonance (NMR) arises from the magnetic properties of atomic 
nuclei [2]. When immersed in a steady magnetic field,~, the nuclei align with the field 
and precess at a characteristic frequency called the NMR resonance frequency which is 
proportional to the strength of the applied magnetic field, ~. An externally applied pulse 
of radio-frequency (RF) field at the NMR resonance frequency causes the nuclei to tip 
away from their equilibrium position and, while still precessing, induce an NMR signal 
called a free induction decay (FID) into an adjacent detection coil, or sample coil. 
For SRM liner NDE, there are three important parameters of the NMR response. 
One is sensitive to the total number of nuclei sampled; the other two are sensitive to the 
state of molecular motion. Since liner compounds cure by crosslinking, molecular motion 
in the liner changes dramatically during the cure. These three NMR parameters are sum-
marized below, and discussed in more detail elsewnere [1,2]. 
The NMR Signal Amplitude, Ao. The amplitude of the NMR signal immediately fol-
lowing the RF pulse is directly proportional to the number of resonant nuclei in the sensi-
tive region, and therefore, is a measure of liner thickness. Only proton, or hydrogen 
nucleus, NMR was considered for this application because, of all the nuclei in SRM liners, 
only protons provide an NMR signal with an acceptably large Ao. 
The Spin-Spin Relaxation Time, T2. This is the time constant for the NMR FID signal 
to decay to zero when the sample is located in a perfectly homogeneous magnetic field. T2 
is sensitive to low frequency molecular motions and, therefore, T2 times for liquids and 
semiliquids (which are often long) are very different from T2 times for solids (which are 
often short). As a result, T2 is a sensitive probe of the details of the molecular motions 
which occur in polymeric compounds, before, during and after the curing process. If a com-
pound exhibits two distinct phases, one with more molecular freedom than the other, then 
two T2 times will often be evident. 
The Spin-Lattice Relaxation Time, Tj. This is the time constant for the nuclear spin 
system to come to eqUilibrium with its surroundings following a disturbance (such as an 
applied RF pulse). Therefore, Tl determines the maximum data acquisition rate. Tl times 
are also sensitive to molecular motions and, therefore, may provide independent informa-
tion which can be used to characterize the curing process. 
EXPERIMENTAL DETAIL 
Quantum Magnetics (QM) has developed a small and compact NMR system specifi-
cally for NDE applications. A prototype of this system, operating at an NMR frequency of 
5 MHz, was used to take the data reported here. The OM NMR NDE system is housed in 
a PC-sized, rack-mount cabinet and operates at frequencies between 2 and 30 MHz. The 
system is designed for maximum flexibility, and can accomodate both single-sided and con-
ventional detection head geometries. A sophisticated software package allows automated 
data collection and incorporates a variety of signal processing options. 
The samples of SRM materials were obtained from Hercules Aerospace and Thiokol 
Corporation. Hercules supplied the Titan IV sample materials and Thiokol supplied the 
Space Shuttle materials. 
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TITAN IV SRM 
Descriptjon and NMR Results 
The Titan IV has a filament-wound, graphite/epoxy composite case, 128 inches in 
diameter. The insulation is a Kevlar-filled ethylene propylene diene monomer (EPDM), 
0.25 fiches thick. The liner is a carbon black-filled hydroxyl-terminated polybutadiene 
(HTPB), 15 mils thick. The propellant is also an HTPB compound. 
Four independent parameters of the NMR response allowed the liner state-of-cure to 
be monitored over the entire cure cycle. The NMR measurements also demonstrated that 
the liner NMR signal could be separated from the insulator NMR signal. Additional 
details concerning the Titan IV materials, dimensions, and NMR data are presented else-
where [1]. 
Detection Head 
From inside the SRM, the surface of the liner is slightly concave with cylindrical sym-
metry. Ideally, the NDE magnet should generate a cylindrically symmetric surface of con-
stant field with an acceptable gradient and the proper curvature. Since the presence of the 
composite case in a Titan IV SRM does not distort the field, we focused on magnets with 
V-shaped yokes for this application. 
A field plot for a workable magnet configuration for a Titan IV SRM NDE system is 
shown in Figure 2. This plot represents a cross section through the center of the iron yoke 
of a V-shaped magnet assumed to be infinite in length. The lines represent contours of 
constant field magnitude, with 25 Gauss spacing, and the rectangular crosshatched areas 
represent the coils. 
Near the poles, the constant field contours are concave, and bend inward near the 
magnet center. Moving away from the magnet, the curvature disappears and there is a spe-
cific distance where the constant field contour is flat over a large fraction of the magnet 
width. As we move further away from the magnet, we encounter convex field contours. 
In Figure 2, the field directions are shown at several points along the field contour 
corresponding to the radius of curvature of the Titan IV SRM liner. To understand these 
field directions, assume that the left pole of the magnet is the north pole, and that the right 
pole is the south pole. Just above the left pole, the field points almost straight up; while 
just above the right pole, the field points almost straight down. In the center, the field 
points from left to right. Naturally, these changes in field direction must be taken into 
account in the final system design. 
The magnet of Figure 2 was designed for an operating field Eo of 1175 Gauss, which 
corresponds to an NMR frequency of 5.0 MHz. At this field, the gradient at the center of 
the magnet is approximately 10.2 Gauss per millimeter. For a 15 milliner thickness, this 
corresponds to a field gradient of 3.9 Gauss, which is acceptable in this application. 
A flat RF surface coil located in the plane of the constant field contours produces a 
vertical BJ field and couples efficiently into the region of Eo field. The RF surface coil may 
be a single-tum loop, a multi-tum loop, or spiral-wound. 
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Figure 2. Field contours between 1075 Gauss and 1275 Gauss for a V-shaped magnet. The 
contour spacing is 25 Gauss. The element spacing is 4 millimeters. 
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SPACE SHUTILE SRM 
Description 
The materials and dimensions of the Space Shuttle SRM are shown in Table 1. The 
Space Shuttle SRM has a steel case with a thin adhesive layer to bond the insulation. The 
insulation is asbestos-filled nitrile butadiene rubber (NBR). The insulation also includes 
small quantities of a ferromagnetic compound, probably iron oxide. 
The liner is carboxy-terminated polybutadiene (CfPB). The CfPB is filled with 
asbestos to increase the viscosity of the uncured liner material and, like the insulation, also 
includes small quantities of iron oxide or a similar ferromagnetic compound. The propel-
lant is a polybutadiene acrylonitrile (PBAN). 
Table 1: Space shuttle SRM materials. 
COMPONENT MATERIAL 1HICKNESS (in) 
Case D6ACSteel 0.50 (146 Inch 0.0.) 
Adhesive Chemlock 233 0.008 
Insulation Asbestos-Filled NBR 0.1- 0.2 
Barrier None N.A 
liner Asbestos-Filled CTPB 0.065 
Propellant Oass 1.3 PBAN 39 -42 
NMRResults 
NMR data were taken on the Space Shuttle insulator and liner materials. Both cured 
and uncured liner materials were characterized. The results of these measurements, taken 
at 58 degrees Celsius, are shown in Table 2. The room temperature results are similar. 
For all states of cure, the Tl and T2 times for the Space Shuttle SRM liner are signifi-
cantly longer than the Tl and T2 times for the insulator. This means that the Space Shuttle 
NMR NDE instrument will be able to distinguish the NMR signal of the liner from that of 
the insulator. 
Table 2: Space shuttle SRM materials NMR relaxation results at 58 degrees celsius. 
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COMPONENT Tl (msec) T2 (msec) 
Insulator (Cured) 11. 1.0 
liner (Uncured) 77. 8.6 
Uner (Cured) 30. (a) 1.9 (b) 
3.7 (b) 
(a) Approximate value, at 100 hours from start of cure. 
(b) Two-component T2 relaxation. 
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Figure 3. Field contours between 2355 Gauss and 2365 Gauss for an E-shaped Magnet. 
The contour spacing is one Gauss. The element spacing is 4 millimeters. 
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Detection Head 
Initially, the prospect of carrying out NMR measurements on the SRM liner in close 
proximity to the steel SRM case was daunting. Steel is strongly ferromagnetic, and its pres-
ence distorts the field profiles of any nearby magnets. However, it soon became obvious 
that the way to proceed was to use the steel case as an integral part of the magnet design. 
A workable implementation is provided by the magnet design shown in Figure 3. 
This plot represents a cross section through the center of an E-shaped iron yoke assumed 
to be infinite in length. The rectangular crosshatched areas represent the coils, which are 
wound around the center pole of the E. The face of the center pole of the E is flattened to 
improve field homogeBeity, and the steel plate representing the SRM case is positioned 
above the E-shaped yoke. 
The outer poles of the E-shaped iron yoke provide a return path for the magnetic 
flux, directing the flux into the steel SRM case. That is, if the center pole of the E-shaped 
yoke is assumed to be the north pole of the magnet, the outer poles will be the south poles. 
Since the south poles are closer to the SRM case than they are to the center pole of the 
yoke, the magnetic coupling to the case is stronger. 
The magnet of Figure 3 was designed for an operating field Eo of 2360 Gauss, which 
corresponds to an NMR frequency of 10.0 MHz. Constant field contours, with one-Gauss 
spacing, are also shown in Figure 3. From these, it is clear that this magnet geometry pro-
duces a large region of homogeneous field. Over most of this homogeneous region, the 
field direction is vertical. 
A flat meanderline RF transducer located in the plane of the constant field contours, 
near the center pole of the yoke, produces horizontal B. components and couples effi-
ciently into the region of Eo field. The meanderline spacing and groundplane geometry, if 
any, may be selected in order to produce the required profile of sensitivity with depth. 
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